Background: Kunitz-type inhibitors provide a suitable scaffold for novel elastase inhibitors. Results: The inhibitor ShPI-1 was modified for pancreatic elastase binding, and the crystal structure of the complex was elucidated and analyzed. Conclusion: The extended protease-inhibitor interactions provide a potential switch to direct inhibitor selectivity toward elastases. Significance: These results will help to design novel elastase inhibitors for the treatment of tissue destruction diseases.
Elastase-like enzymes are involved in important diseases such as acute pancreatitis, chronic inflammatory lung diseases, and cancer. Structural insights into their interaction with specific inhibitors will contribute to the development of novel anti-elastase compounds that resist rapid oxidation and proteolysis. Proteinaceous Kunitz-type inhibitors homologous to the bovine pancreatic trypsin inhibitor (BPTI) provide a suitable scaffold, but the structural aspects of their interaction with elastase-like enzymes have not been elucidated. Here, we increased the selectivity of ShPI-1, a versatile serine protease inhibitor from the sea anemone Stichodactyla helianthus with high biomedical and biotechnological potential, toward elastase-like enzymes by substitution of the P1 residue (Lys 13 ) with leucine. The variant (rShPI-1/K13L) exhibits a novel anti-porcine pancreatic elastase (PPE) activity together with a significantly improved inhibition of human neuthrophil elastase and chymotrypsin. The crystal structure of the PPE⅐rShPI-1/K13L complex determined at 2.0 Å resolution provided the first details of the canonical interaction between a BPTI-Kunitz-type domain and elastaselike enzymes. In addition to the essential impact of the variant P1 residue for complex stability, the interface is improved by increased contributions of the primary and secondary binding loop as compared with similar trypsin and chymotrypsin complexes. A comparison of the interaction network with elastase complexes of canonical inhibitors from the chelonian in family supports a key role of the P3 site in ShPI-1 in directing its selectivity against pancreatic and neutrophil elastases. Our results provide the structural basis for site-specific mutagenesis to further improve the binding affinity and/or direct the selectivity of BPTI-Kunitz-type inhibitors toward elastase-like enzymes.
Elastases represent highly specific serine proteases that catalyze the cleavage of fibrous elastin, a connective tissue protein that causes tissue shape reconstruction after stretching and contradiction, as well as other extracellular matrix proteins (1) . Elastin is particularly abundant in the lungs but is also present in arteries, skin, and ligaments. Consequently, abnormal elastolytic activities are considered to play important roles in tissue destruction associated with several diseases (2) (3) (4) (5) (7) (8) (9) (10) . Under normal physiological conditions, human neuthrophil elastase (HNE) 2 is tightly controlled by its endogenous inhibitors. However, their HNE affinity is strongly decreased by oxidative stress and by proteases released from leukocytes that are recruited to inflammation sites (5) . Synthetic elastase inhibitors have been tested without satisfactory results (3, 7) , highlighting the need to identify or to develop novel anti-elastase molecules that resist rapid oxidation and proteolysis to control elastase-associated diseases.
The molecular mechanisms of HNE activity are well understood, but structural data on its specific inhibition by other proteins are limited, largely because of protein glycosylation and release of a series of isoenzymes (11) . Solely HNE complexes with two canonical inhibitors, the C-terminal domain of SLPI (1/2SLPI) (12) and the Kazal-type inhibitor OMTKY3 (13) , have been reported. For the natively non-glycosylated porcine pancreatic elastase (PPE), x-ray structures have been solved in complex with three canonical inhibitors, namely elafin from the chelonian family (14) , the Ascaris-type inhibitor C/E-1 (15) , and a hybrid molecule (HEI-TOE) in which the binding loop of the squash-type inhibitor from Ecballium elaterium was substituted by a sequence derived from the third domain of the Kazal-type turkey ovomucoid inhibitor (16) .
Among the canonical inhibitors of serine proteases, the BPTI-Kunitz family (PFAM PF00014) represents one of the most studied, particularly its prototypical member BPTI (17) (18) (19) . BPTI-Kunitz inhibitors usually contain a basic residue at the reactive site, denoted as P1 position by Schechter and Berger (20) . Thus, they strongly inhibit trypsin-like enzymes, but also chymotrypsin and HNE, with comparatively lower affinity. In contrast, the interaction with PPE is usually very weak or not observed at all (18, 21) . This elastase specificity could be attributed to a more flexible S1 pocket in HNE that allows accommodation of a broad variety of P1 residues (11, (22) (23) (24) . Supporting this concept, the substitution at P1 position with amino acids characterized by medium-sized hydrophobic side chains, such as Val, Ala, and Leu, not only increases the affinity of BPTI for HNE (25) (26) (27) but also converts it into a tight-binding inhibitor of pancreatic elastase with K i values around 10 Ϫ9 M. Affinity selection of a phage-displayed library of BPTI variants against PPE reveals an almost exclusive preference for Leu at the P1 position (28) . Selectivity toward HNE or PPE is also described for other canonical inhibitor families, additionally indicating the importance of further subsites other than P1 for the elastase interaction (12) .
The stability and experimental tractability of BPTI-Kunitz-type inhibitors have favored their exploration among canonical inhibitors as a scaffold for the development of protein therapeutics targeting different serine proteases (29 -31) . Although the structural details of trypsin and chymotrypsin inhibition by BPTI have been extensively investigated (32) (33) (34) (35) , the structural basis of the elastase specificity has not been elucidated for this type of inhibitors. Together with the large number of available mutagenesis studies (25) (26) (27) (28) , structural insights into the elastase interaction could provide important information for the design of novel potent elastase inhibitors exploiting the Kunitz-type scaffold.
We reported previously the isolation as well as functional and structural characterization of the BPTI-Kunitz-type inhibitor ShPI-1 from the Caribbean sea anemone Stichodactyla helianthus (UniProt accession number P31713) (21, 36) . This molecule inhibits not only serine proteases but also cysteine and aspartic proteases such as papain and pepsin with K i values in the nanomolar range (21), qualifying ShPI-1 for biotechnological use (37) . We recently presented the three-dimensional structure of free and trypsin-bound recombinant ShPI-1 (rShPI-1A) (35, 38) , revealing a high degree of conservation for the intermolecular interactions around the basic P1 residue (Lys 13 ) compared with homologous complexes of mammalian inhibitors. However, a prominent stabilizing role of arginine at the P3 position was identified as the most significant deviation, thus far unique within this inhibitor family.
Obtaining new variants of ShPI-1 will increase its biomedical and biotechnological capabilities. Thus, we report here its transformation into a specific pancreatic elastase inhibitor. Although the site-directed K13L replacement also maintains the inhibitory activity against chymotrypsin and HNE, trypsin inhibition is significantly reduced. The crystal structure of rShPI-1/K13L in complex with PPE determined at 2.0 Å resolution allowed the detailed investigation of the first example of a BPTI-Kunitz inhibitor/elastase interaction. Compared with the trypsin and chymotrypsin complexes of rShPI-1A, the interface with PPE is improved by increased contributions of the primary inhibitor binding loop and of glycine residues close to the secondary binding loop. A comparison with other canonical inhibitors in complex with HNE and PPE revealed that the side chain of Arg 11 at the P3 site of ShPI-1/K13L extends into the same enzyme region as the P5 residue of chelonians, which is reported to direct the elastase selectivity of these inhibitors (12) . Thus, the P3 site of ShPI-1/K13L represents a potential candidate for modifying its activity against HNE or PPE. Supporting a previous report of a BPTI variant, our structural results will significantly contribute to selectivity modifications of BPTI-Kunitz-type inhibitors toward these enzymes in the future.
Experimental Procedures
Cloning and Production of ShPI-1/K13L-The gene of ShPI-1A was amplified by PCR with site-specific primers using the plasmid pBM301 as a template; it was obtained previously for rShPI-1A expression (37) . The purified product was cloned into the XhoI/XbaI-digested pPICZ␣A vector (Invitrogen). The mutation K13L was introduced according to the QuikChange II XL protocol (Stratagene) using the mutagenic primers 5Ј-TCGGCCGTTGCCTAGGTTACTTCCC-3Ј (sense) and 5Ј-GGGAAGTAACCTAGGCAACGGCCGA-3Ј (antisense). These primers carried the desired mutations (underlined) and an XmaJI (AvrII) restriction site (C2CTAG) for detection of positive clones. The variant protein was produced, purified, and stored following the previously established protocol for recombinant wild-type rShPI-1A (37) . Protein production and purification was followed by SDS-PAGE (39) . Inhibitory activity was determined by measuring the residual activity of pancreatic chymotrypsin (EC 3.4.21.1) at 25°C with Suc-Ala-Ala-Pro-Phe-pNA as a substrate (40) . The identity of rShPI-1/K13L was verified by molecular mass determination applying MALDI-TOF MS (Biflex spectrometer, Bruker Daltonics) using ␣-cyano-4-hydroxicinnamic acid as a matrix.
Specificity Studies and Determination of the Equilibrium Dissociation Constants (K i )-The enzyme specificity of the rShPI-1/K13L inhibitor was determined using the serine proteases trypsin (EC 3.4.21.4, Sigma), HNE (EC 3.4.21.37), PPE (EC 3.4.21.36), and Bacillus licheniformis subtilisin A (EC 3.4.21.62), all from Calbiochem-Novabiochem. After incubation with rShPI-1/K13L for 10 -30 min at 25°C, residual enzymatic activities were measured by monitoring the cleavage of the specific substrates Bz-Arg-pN (for trypsin (41) ) and MeO-Suc-Ala-Ala-Pro-Val-pNA (for HNE (42) ), both of which are from Calbiochem-Novabiochem, as well as Suc-Ala-Ala-Ala-pNA from Sigma (for PPE (42) and Suc-Ala-Ala-Pro-Phe-pNA from Bachem (for subtilisin A (43)) .
The active concentration of rShPI-1/K13L was determined using a constant active concentration of chymotrypsin, previously titrated with soybean trypsin inhibitor. The latter was titrated with a known active concentration of trypsin that was determined previously (44) . All experiments were performed under titration conditions (E o /K i Ն 100). The formation of equimolar enzyme-inhibitor complexes was consistently assumed. Apparent inhibition constants (K i app ) were determined as described (45) , by fitting the steady state velocities to the equation for tight-binding inhibitors (46) . Nonlinear regression analysis was performed using GraFit v.3.01 (47) . Real K i values were calculated using the equation K i ϭ K i app /([S 0 ]/ (K m ) ϩ 1), considering the substrate concentration [S 0 ] and their reported K m values (40 -42) . Inhibitory activities were additionally determined at different incubation times and substrate concentrations.
Complex Formation and Crystallization-The binary complex rShPI-1/K13L⅐PPE was formed by incubating PPE with a 2-fold molar inhibitor excess in 15 mM phosphate buffer, pH 7.0, and 50 mM NaCl for 1 h at 25°C. Complex formation was assessed by detecting the intensity fading of the inhibitor signal on a MALDI mass spectrum upon the addition of the enzyme immobilized on glioxal Sepharose 4B as described for similar complexes (48) . The complex was purified using HiLoad 16/60 Superdex-75 size exclusion chromatography column (GE Healthcare) equilibrated in the same buffer and concentrated to 18.0 mg/ml (Centricon 10-kDa molecular weight cut-off concentration devices, Millipore). The protein concentration was determined by absorbance at 280 nm using a theoretical extinction coefficient (E 280 nm 1% ) of 1.80 calculated for the complex with ProtParam (49) based on both protein sequences. Sample monodispersity and the hydrodynamic radius of the protein complex were evaluated by dynamic light scattering techniques as described previously (35, 38) .
The screening of crystallization conditions was performed at 14°C using the sitting drop vapor diffusion method in 96-well NeXtal plates (Qiagen). Protein solutions (300 nl) were mixed 1:1 (v/v) with commercially available reservoir solutions using a Honeybee 961 robot (Genomic Solutions). A monoclinic crystal (space group C2) of the rShPI-1/K13L⅐PPE complex measuring up to 550 ϫ 90 m was detected when checking the plates after 1 year in condition 57 of the Qiagen Cryo Suite, which contained 0.425 M (NH 4 ) 2 SO 4 , 0.85 M Li 2 SO 4 , 85 mM tri-sodium citrate, pH 5.6, and 15% glycerol.
Data Collection, Structure Determination, and Refinement-X-ray diffraction data were collected at the consortium's beamline X13 at HASYLAB (DESY, Hamburg, Germany) equipped with a MARresearch CCD detector. A single crystal was mounted in a nylon loop and flash-cooled in a nitrogen gas stream at 100 K. Diffraction images were processed and scaled using MOSFLM and SCALA (50) . The structure was solved by molecular replacement using PHASER (51) . The coordinates of free rShPI-1A (PDB code 3OFW (38) ) and of free pancreatic elastase (PDB code 1QNJ (52)) were used as search models. Structure refinement was performed by alternate cycles of manual model rebuilding using COOT (53) and automated refinement (including isotropic B-factor refinement) applying Phenix software suite (54) . As a test set for cross-validation, 5% of the reflections were randomly selected. In the final model, 207 water molecules as well as eight sulfate ions and seven glycerol molecules were added. Data collection and refinement statistics are provided in Table 1 .
Structure Analysis-The stereochemical quality of the model was evaluated using VERIFY-3D (55), and MOLPROBITY (56) . Interface calculations were performed using the PISA server (57) . Analyses of atom-atom contacts and structural superposition were done using the WHAT IF program (58) . The CryCo server was used for analysis of crystal contacts (59) . PPE residues at the interface were numbered according to their similar topology with chymotrypsinogen (UniProt accession number P00766). Figs. 1, a and b, and 2-6 were generated with PyMOL (60).
Results
Cloning, Production, and Purification of rShPI-1/K13L-The variant protein rShPI-1/K13L was produced in Pichia pastoris, yielding a level of 60 mg inhibitor/liter culture broth. A single cation exchange chromatography resulted in a pure inhibitor fraction, as confirmed by a single protein band on SDS-PAGE and a single peak in MALDI-TOF MS analysis. The molecular weight of 6096.47 Da (MϩH ϩ , 6097.47 Da) detected for the intact protein agrees with the expected value for the variant rShPI-1/K13L (6096.82 Da). In contrast to previous results with BPTI (61, 62) , the correct processing of the ␣-factor-ShPI-1 fusion without the N-terminal motif Glu-Ala-Glu-Ala was obtained here. Peptide mass mapping after tryptic digestion verified the entire protein sequence including the K13L exchange. The experimental masses of three peptides (Cys 12 -Arg 18 , 912.46 Da; Lys 8 -Arg 18 , 1352.75 Da; and Val 9 -Lys 27 , 2243.23 Da) agreed with the calculated values, considering the presence of Leu at the mutated P1 position of the inhibitor.
TABLE 1 Data collection and refinement statistics for rShPI-1/K13L⅐PPE
Values in parentheses refer to the highest resolution shell. R p.i.m represents the precision-indicating merging R factor as defined below.
Data collection
Protein 
Inhibitory Activity of rShPI-1/K13L-Incubation of trypsin, chymotrypsin, and HNE with rShPI-1/K13L resulted in an inhibition of these serine proteases consistently characterized by K i values within the nanomolar range (Table 2) as described previously for the natural and recombinant wild type-like inhibitors (21, 37) . Solely the binding affinity to trypsin is significantly decreased (ϳ100-fold) as a result of the mutation, whereas rShPI-1/K13L appears to be slightly more potent against chymotrypsin and HNE than the wild-type inhibitor. In agreement with previous mutagenesis studies of BPTI (25) (26) (27) (28) , the replacement of the large basic Lys residue against the smaller hydrophobic leucine residue transformed rShPI-1/K13L into a high-affinity PPE inhibitor. This additional activity has never been observed for natural or wild-type rShPI-1A, even if an I o /E o molar ratio of 170 is used (21, 37) . The PPE inhibition activity was stable after incubation for 15 s, indicating that the enzyme, the inhibitor, and the substrate as well as their complexes were in equilibrium. The observed substrate dependence of the PPE inhibition (residual enzyme activity increased with substrate concentration) is characteristic for a competitive mechanism. Moreover, the concave inhibition curves recorded under the experimental conditions of [E o ]/K i ϭ 1-10 (data not shown) showed that rShPI-1/K13L is a reversible and tightbinding inhibitor of all four enzymes.
Crystallization and Structure Determination of rShPI-1/ K13L in Complex with PPE-Prior to crystallization trials, specific complex formation between rShPI-1/K13L and PPE was confirmed by intensity-fading MALDI-TOF MS, dynamic light-scattering measurements, and size exclusion chromatography (data not shown). The purified rShPI-1/K13L⅐PPE complex formed monoclinic crystals belonging to the space group C2 and diffracted up to a resolution of 2.0 Å. The asymmetric unit contained one complex molecule. After structure determination by molecular replacement using the coordinates of free PPE (PDB code 1QNJ) and free wild-type rShPI-1A (PDB code 3OFW) as search models, the entire PPE polypeptide as well as all inhibitor residues at the complex interface could be traced completely in the electron density map. Only the ␤-hairpin segment Phe 21 -Lys 27 of the inhibitor and its C-terminal residue Ala 55 are poorly defined because of increased flexibility. All residues are located within the most favored or allowed regions of the Ramachandran plot, reflecting the quality of the rShPI-1/K13L⅐PPE structure. The details of data collection and refinement statistics are presented in Table 1 .
Overall Structure-The overall fold of the rShPI-1/K13L⅐PPE complex closely resembles that expected for an interaction of a serine protease and a canonical inhibitor ( Fig. 1a ) (32) (33) (34) (35) . The complex interface buries an inhibitor surface area of 865.7 Å 2 (23.7% of its total solvent-accessible surface), which is slightly increased compared with rShPI-1A complexes with trypsin (765.1 Å 2 and 18.2%) and chymotrypsin (787.4 Å 2 and 21.2%). This is due to an extended interface involving residues Lys 8 (P6) to Arg 18 (P5Ј) located at the primary binding loop of rShPI-1/ K13L, as well as a secondary interaction site comprising the inhibitor residues Ile 32 to Gly 38 . Both interaction loops are stabilized by the disulfide bond Cys 12 -Cys 36 , keeping the primary loop in a well ordered conformation, which enables the formation of an antiparallel ␤-sheet within the concave binding pocket of PPE ( Fig. 1b ) that is typical for canonical inhibitors. An enzyme surface area of 706.5 Å 2 (6.7%) is buried in the complex, which is slightly lower than that in the PPE complexes with the canonical inhibitors HEI-TOE (7.3%), elafin (7.6%), and C/E-1 (8.6%).
Neither the K13L variant nor the PPE interaction significantly affected the overall inhibitor fold, as indicated by a root mean square deviation of 0.532 Å over 54 superposed C␣ atoms of unbound wild-type rShPI-1A (PDB code 3OFW) and PPEbound rShPI-1/K13L. Deviations of up to 1.2 Å observed at Arg 11 (P3), Tyr 15 (P2Ј), and His 47 to Gln 48 are most likely attributable to the high B-factors and crystal contacts identified previously at these positions in the crystal structure of free rShPI-1A (PDB code 3OFW). Additional deviations have been detected for Ser 23 to Thr 25 , but these ␤-hairpin residues are largely undefined within the electron density map as mentioned previously. Likewise, native and inhibitor-bound PPE (PDB code 3EST) showed no significant structural differences (root mean square deviation of 0.568 Å over 240 superposed C␣ atoms). The positions of the catalytic residues His 57 , Asp 102 and Ser 195 , as well as Ser 189 and Gly 193 within the S1 pocket, remained highly conserved in both enzyme molecules. In contrast, enzyme residues at other prime and non-prime subsites were slightly affected by inhibitor binding. Significant deviations of up to 2.3 Å (C␣ positions) were detected in the loop region Arg 145 -Gln 150 close to the S2Ј site (Leu 143 /Leu 151 ), at Ser 36C /Ser 37 and Asp 60 /Arg 61 near the SnЈ sites, as well as at the calcium-binding loop of the elastase (Asn 74 -Gly 78 ). However, according to CryCo server analysis, most of these displacements may also be attributed to the differences detected in the crystal packing environments.
rShPI-1/K13L⅐PPE Interface and Comparison with the rShPI-1A⅐trypsin Complex-In common with other canonical inhibitors, the primary direct interactions of rShPI-1/K13L with PPE are provided by residues at positions P2, P1, and P1Ј of the primary binding loop, which are completely buried due to complex formation (Fig. 1c) . Compared with the interface of trypsin-bound rShPI-1A (PDB code 3M7Q) (35) , residues Gly 10 (P4), Tyr 15 (P2Ј), and Pro 16 (P3Ј) provide an increased contribution to the elastase interaction, whereas the impact of Arg 11 (P3) and Pro 17 (P4Ј) is slightly reduced. The rShPI-1/K13L⅐PPE interface is extended by one residue at both sites of the scissile bond compared with known complexes of BPTI and rShPI-1A with trypsin (32) (33) (34) (35) . The accessible surface area of the outer residues, Lys 8 (P6) and Arg 18 (P5Ј), is buried by more than 30% after complex formation with PPE ( Fig. 1c ), whereas these res- idues do not show any contribution to the rShPI-1A⅐trypsin complex (35) . An overall number of 156 direct enzyme-inhibitor contacts is shorter than 4 Å, including 144 hydrophobic contacts and 10 hydrogen bonds; these are involved in the stabilization of the rShPI-1/K13L⅐PPE interface (Table 3) . This is a slight increase compared with the trypsin complex (116 hydrophobic contacts and 10 H-bonds) (35) . Direct H-bonds are provided by Arg 11 (P3), Leu 13 (P1), Gly 14 (P1Ј), and Tyr 15 (P2Ј) at the canonical loop segment, as well as by Gly 35 and Gly 37 at the secondary binding loop. Further interface stabilization is provided by polar interactions mediated by 10 water molecules connecting the P4, P3, and P2Ј sites as well as Ile 32 , Gly 35 , and Gly 37 of rShPI/1/K13L with corresponding subsites in PPE (Table 4) .
At the modified P1 position of rShPI-1/K13L, Leu 13 accounts for 27% of the direct interactions with PPE. All backbone atoms share equivalent positions compared with the rShPI-1A⅐trypsin complex (35) (Fig. 2) . In agreement with the general serine pro- K13L⅐PPE complex (PDB code 3UOU) . a, schematic model of the overall structure of the complex between PPE (green, surface representation) and rShPI-1/K13L (blue), showing the changed P1 residue Leu 13 of the inhibitor in stick representation. The primary (P6-P5Ј sites) and secondary binding loops are highlighted in red and orange, respectively, and the linking disulfide bridge, Cys 12 -Cys 36 , is shown in yellow. b, close view of the entire complex interface centered on the S1 pocket of PPE, illustrating the formation of an antiparallel ␤-sheet by the inhibitor loops within the concave binding pocket of the enzyme that is typical for canonical inhibitors. The binding loops of rShPI-1/K13L (stick representation) are well defined by the 2F o Ϫ F c map (blue) countered at 1. The side chains of the catalytic triad residues His 57 , Asp 102 , and Ser 195 as well as Ser 189 at the bottom of the S1 pocket of PPE are highlighted in stick representation. c, buried surface area (BSA) of rShPI-1/K13L residues (black) involved in the PPE interface compared with that of wild-type rShPI-1A (gray) bound to trypsin. The buried surface area represents a percentage of the total surface area that is buried after complex formation. The amino acid sequence of rShPI-1/K13L and the corresponding Pn sites are shown.
tease catalysis and substrate-like inhibition mechanisms, the carbonyl oxygen atom of Leu 13 occupies the oxyanion hole, establishing three hydrogen bonds to the backbone nitrogen atoms of PPE residues Gly 193 , Asp 194 , and Ser 195 , together with an H-bond to Ser 214 via its nitrogen atom. The hydrophobic side chain of Leu 13 sticks into the hydrophobic S1 pocket of PPE formed by the enzyme residues Gly 190 , Thr 213 , and Val 216 , as well as the hydrophobic parts of the Gln 192 and Cys 191 side chains, establishing important van der Waals contacts that stabilize the interaction. As expected, Leu 13 at P1 is not involved in water-mediated interactions, in contrast to Lys 13 in the trypsin complex of the wild-type inhibitor (35) . Moreover, the shorter side chain of Leu 13 at the mutated P1 site cannot interact with PPE residues 189, 190, 215, and 216, as observed in the trypsin complex of the wild-type inhibitor (Fig. 2) .
The canonical segment of the primary inhibitor binding loop (positions P3-P3Ј) of rShPI-1/K13L adopts a well conserved conformation that is comparable within the PPE and the trypsin complexes of ShPI-1. Direct superposition reveals only slight rearrangements of side-chain atoms at the P3 site (Arg 11 ) because of its specific adaptation to the S3 pocket of PPE (Fig. 3a) . As a consequence, two additional H-bonds detected previously in the rShPI-1A⅐trypsin complex (35) are absent, and only the typical H-bond with the nitrogen atom of residue 216 remains conserved. Additional differences at the non-prime side are detected at position P4, where Gly 10 interacts with the inserted Arg 217A of PPE that is absent in trypsin (35) . At the prime subside of the primary binding loop, residue Tyr 15 (P2Ј) of rShPI-1/K13L is involved in several direct and water-mediated H-bonds with PPE ( Fig. 3b ), whereas only one H-bond stabilizes the trypsin complex at the P2Ј position (35) . In contrast, the hydrophobic contacts established between Pro 17 (P4Ј) and the enzyme residue Tyr 39 in the ShPI-1⅐trypsin complex are reduced here (Table 3) , as the bulky hydrophobic site chain of Tyr 39 is replaced by Ala in PPE. Moreover, additional van der Waals contacts of the hydrophobic part of the Lys 8 side chain (P6) with the carbon moiety of Arg 217A in PPE as well as side-chain interactions between Arg 18 (P5Ј) and Arg 61 in PPE (3.2 Å) extend the interface compared with the trypsin complex, as mentioned previously.
Residues located at the secondary binding loop of rShPI-1/ K13L (Ile 32 to Gly 38 ) are significantly more involved in the interaction with PPE than with trypsin. The buried surface area of all corresponding rShPI-1/K13L residues is obviously increased compared with equivalent residues within the trypsin complex (Fig. 1c) . Gly 35 and Gly 37 establish direct H-bonds with Arg 61 and Thr 96 of PPE, in addition to water-mediated interactions (Fig. 4) . The entire secondary loop accounts for 
Enzyme-inhibitor interactions in the PPE complex of rShPI-1/K13L
PPE residues are numbered according to their similar topology with chymotrypsinogen. The total number of contacts between a pair of residues (Յ4.0 Å) is shown in parentheses, then the closest atoms are listed, and distances (Å) are given in square brackets. Hydrogen bonds, displayed in a bold underlined font, were scored using the PDBe PISA server (57), applying the following parameters: maximal donor-acceptor distance, 3.50 Å; maximal hydrogen-acceptor distance, 2.50 Å; maximal angular errors, 90.00. Enzyme residues Arg 217A and Ala 99A represent native insertions in the sequence of PPE as compared with chymotrypsin. (Table 3 ). In contrast, no H-bonds and significantly less van der Waals contacts are provided by the secondary binding loop upon trypsin binding (35) . Glu 44 , located C-terminally outside of this loop in rShPI-1/K13L, is also slightly buried after complex formation, establishing an interaction with Arg 61 of PPE (OE2-NH1) characterized by a longer than usual distance for a salt bridge (ϳ5.0 Å). All of these interactions are favored in PPE because of the increased length of the loop structures containing residues 61-64 and 97-99 as compared with trypsin ( Fig. 4) .
Comparison with Elastase Complexes of Other Canonical Inhibitors-As expected, all of the main contacts to PPE established by the P1 site of rShPI-1A/K13L are highly conserved compared with the canonical inhibitors elafin (P1, Ala), C/E-1 (P1, Leu), and HEI-TOE (P1, Leu) belonging to the WAP, Ascaris, and Kazal/squash families, respectively (14 -16) . Main differences are thus restricted to the prime/non-prime subsites of the interface. An unusually large buried surface area is reported for PPE in complex with the Ascaris inhibitor C/E-1 (8.6%), mainly because of the deep penetration of Ser 217 into an inhibitor surface pocket formed by positions P15 to P13 and P10Ј to P13Ј (15). This has not been detected in other elastase/ canonical inhibitor complexes. Similar to the rShPI-1/K13L⅐ PPE complex presented here, a shorter primary interaction segment comprising the P5 to P2Ј sites together with a three-residue secondary binding loop is reported for elafin (14) . The hybrid squash inhibitor binds via well defined interactions at positions P4 to P4Ј, supported by five additional weak contacts to the elastase (16) . Concordantly, the inhibition strength of C/E-1 is the highest (K i ϭ 0.063 nmol/liter (63), whereas similar K i values have been reported for the inhibitors elafin (6.0 nmol/ liter (14) or 1.0 nmol/liter (64)) and HEI-TOE (0.98 nmol/liter (16) ), almost comparable with rShPI-1/K13L (12 nmol/liter) reported in this study.
To obtain first insights into the structural determinants for an interaction with HNE, we compared the rShPI-1/K13L⅐PPE interface with that of the chelonians elafin (P1, Ala 24 ) and 1/2SLPI (P1, Leu 72 ) in complex with PPE and HNE, respectively. Chelonians represent the only family of canonical inhibitors with three-dimensional structures determined for complexes with both elastases (12, 14) . As expected for canonical inhibitors from different families, the backbone conformation of the canonical P3-P3Ј segment is similar among these inhibitors, but differences have been detected for flanking residues (19, 65) . Most noteworthy, the side chain of Arg 11 at the P3 site of the Kunitz-type inhibitor rShPI-1/K13L extends into a similar enzyme region as the residues at the P5 position of the chelonians elafin and 1/2SLPI (Fig. 5 ). Thus, Arg 11 of rShPI-1/ K13L interacts with residue Thr 175 within the PPE surface loop segment Ser 169 -Val 176 , which is defined as the S5 pocket in the elafin-PPE complex (12, 14) . In addition, the P3 site of rShPI-1/ K13L (Arg 11 ) interacts with Ala 99A , Phe 215 , Val 216 , and Arg 217A of PPE (Table 3) and is indirectly H-bonded to Asp 97 , Val 99 , and Ala 99A . These residues represent insertions into the sequence of PPE that cause remarkable structural differences in the loops in which they are located, as compared with similar regions of HNE (Fig. 5) . Accordingly, the P3 site of ShPI-1 may contribute to differences in selectivity toward HNE and PPE.
Discussion
The interaction between BPTI-Kunitz-type inhibitors and serine proteases from the chymotrypsin family has been well studied. However, the known three-dimensional structures of enzyme complexes with inhibitors of this family are limited to trypsin-and chymotrypsin-like enzymes (32) (33) (34) (35) . The inhibitor specificity is FIGURE 2. Stereo view of the P1-S1 interaction at the rShPI-1/K13L⅐PPE complex interface compared with that in the trypsin complex of wild-type rShPI-1A (35) . Enzyme residues involved in inhibitor contacts are shown as a line representation (PPE, green; trypsin, blue), and primary binding loop residues of rShPI-1/K13L (salmon) and wild-type rShPI-1A (blue) are displayed as sticks. Conserved residues are labeled in black, and non-conserved residues are in the same color as the corresponding enzyme. Hydrogen bonds are represented by black (PPE) and blue (trypsin) dashed lines. To simplify the figure, water molecules that are present in the trypsin complex (35) around the P1 position are not included. For details of the interactions in the rShPI-1/K13L⅐PPE complex, see Tables 3 and 4. usually categorized in terms of the P1-S1 interaction, mainly considering the enzyme residues at positions 189, 216, and 226 of the S1 pockets. In chymotrypsin, the combination of Ser 189 , Gly 216 , and Gly 226 creates a deep hydrophobic pocket that correlates with the usual hydrophobicity of the P1 residue in a chymotrypsin substrate or inhibitor. In contrast, trypsin-like enzymes contain a negatively charged S1 site due to the presence of Asp 189 at the bottom, which accounts for their specificity against substrates containing Arg or Lys residues at P1 position.
The S1 pocket of elastase-like enzymes is significantly narrowed overall by more bulky side chains at positions 216 and 226, usually resulting in the recognition of small or mediumsized aliphatic P1 residues (11) . At the bottom of the S1 pocket, the respective residue (Ser 189 in PPE or Gly 189 in HNE) is inaccessible to the P1 side chain of the inhibitor, as it is covered by the hydrophobic parts of Ile 138 and Thr 226 (in PPE) or Val 190 (in HNE). Compared with PPE, the S1 pocket of HNE shows an increased flexibility, enabling the adaptation to a broader variety of P1 side chains (11, 23) . The largest backbone atom divergence between PPE and HNE at this side occurs at positions 192 (Gln 192 in PPE and Phe 192 of HNE) and 226 (Thr 226 in PPE and Asp 226 in HNE). Moreover, HNE harbors a negative charge from Asp 226 (that replaces Thr 226 of PPE) within its S1 pocket, which is largely shielded by Val 216 and Val 190 . However, modeling studies with the Kazal-type inhibitor CmPI-2 suggest that penetration of a basic P1 side chain is still possible (24) . A salt link with Asp 226 is established, supported by additional contacts with Ser 214 and Ala 227 of HNE, which were not detected for a homologous inhibitor that harbors Leu at P1 position. These unique characteristics of HNE could explain the selective elastase inhibitory activity determined for wild-type rShPI-1A and for BPTI (18) , both of which contain Lys at position P1.
In PPE, the completely non-polar as well as rigid and narrow S1 site in turn prevents the efficient accommodation of the Lys side chain, as reported for the BPTI (32) and rShPI-1A complexes of chymotrypsin (PDB code 3T62) 3 that comparably feature a deep hydrophobic S1 pocket. However, tight inhibitor binding to chymotrypsin is maintained by an alternative "up" conformation of the P1 Lys side chain instead of extending directly into the pocket ("down" conformation). This shift establishes a new set of H-bonds that compensate the interface stabilization, involving the NZ atom of Lys (inhibitor) and the main-chain oxygen atom of Ser 217 at the entry of the chymotrypsin S1 site (32) . The first crystal structure of a BPTI-Kunitztype inhibitor in complex with an elastase-like enzyme reported in this study strongly indicates that a similar stabilization of the up conformation at the PPE S1 site is not possible. Although Ser 217 remains conserved within the PPE sequence, the insertion of Arg 217A promotes an altered conformation of the corresponding loop in PPE compared with other serine proteases, shifting Ser 217 around 4.7 Å away from the P1 side chain and thus preventing stabilizing interactions (Fig. 6 ). This is reflected by weak (BPTI (18)) or undetectable (ShPI-1 (21)) binding of the wild-type inhibitors to PPE.
As observed previously for BPTI and in agreement with the preference for aliphatic residues at P1, a tight-binding inhibitor of . Structural superposition of elastases in complex with BPTI-Kunitz-and WAP-type inhibitors focused on the non-prime subsite of the primary binding loops of the inhibitors. a, interface between PPE (dark green, schematic representation) and rShPI-1/K13L (salmon, stick representation) around the P3 residue (Arg 11 ) at the Pn side of the primary binding loop (residues P6 -P1). To highlight structural differences between elastases, the PPE structure is superposed with that of HNE (light green, PDB code 2Z7F), and PPE regions characterized by significant main chain deviations are highlighted in cyan. PPE residues interacting with the P3 residue of rShPI-1/K13L as well as the inhibitor side chains of Arg 11 (P3) and Leu 13 (P1) are shown in stick representation. Hydrogen bonds are represented with black dashed lines. Water molecules (W) are shown as red spheres and are labeled according to the PDB file in which they are assigned to the inhibitor (i) chain. b, corresponding interface region in the PPE (dark green) and HNE (light green) complexes of the WAP inhibitors elafin (gray, PDB code 1FLE) and SLPI/D2 (yellow, PDB code 2Z7F), respectively, shown in schematically. The side chains of residues at their P5 sites, Tyr 58 in elafin and Leu 20 in SLPI/D2 (12) , are highlighted as sticks.
both elastases, HNE and PPE, was obtained in this study by substitution of the P1 Lys residue of the BPTI-Kunitz-type domain ShPI-1 against Leu. The aliphatic side chain improves the hydrophobic interaction with the narrow S1 pocket, which is formed by Gly 190 , Thr 213 , and Val 216 in PPE. However, the overall conformation and interaction mode of the rShPI-1/K13L primary binding loop is not affected following the canonical mechanism usually reported for similar complexes with trypsin-and chymotrypsinlike enzymes (32) (33) (34) (35) . Most of the interactions are established by Leu 15 at the P1 site, including the H-bonds typical for a substratelike inhibition mechanism, and other contacts with aliphatic enzyme residues (Thr 213 and Val 216 ) that define the specificity for PPE. As expected, the hydrophobicity increase at the P1 side chain is accompanied by a moderate optimization of chymotrypsin inhibition by rShPI-1/K13L. Because the S1 pocket of chymotrypsin is characterized by the highest hydrophobic nature of these serine proteases, the associated K i value decreased to the values reported for an equivalent K15L exchange of BPTI against this enzyme (7.7 ϫ 10 Ϫ10 M (27) ).
Despite the absence of a positively charged residue at P1, the rShPI-1/K13L variant is still active against trypsin. Only a 2-orders of magnitude increase in the associated K i value was detected compared with that of the wild-type inhibitor. A more significant effect was provoked by the equivalent exchange in BPTI, with K i values shifting by 7 orders of magnitude from 6 ϫ 10 Ϫ14 M for the wild-type molecule to 1.8 ϫ 10 Ϫ7 M for the K15L variant (27) . Because the P1 interactions of BPTI and rShPI-1A in the S1 pocket of trypsin are highly similar (35), significant differences in the contribution of further interaction sites to the overall complex stability were strongly indicated. The impact of subsites other than P1 directly correlates with the fitting accuracy of the latter within its S1 enzyme binding pocket. The weaker the interaction of the P1 residue, the more prominent is the contribution of other inhibitor residues to the enzyme binding (32) . In this context, we recently reported on an important stabilizing role of Arg 11 at the P3 position in the ShPI-1-trypsin interface that is thus far unique within this inhibitor family (35) . This remote contribution is suggested to compensate for the reduced P1 interactions of the rShPI-1/K13L variant more effectively than in the corresponding BPTI complex.
The rShPI-1/K13L⅐PPE structure reported here provides the first structure-based evidence for a comparable impact of Arg 11 (P3) in the interface stabilization of a BPTI-Kunitz-type inhibitor and an elastase. Consequently, previous mutagenesis studies that proposed a correlation of the P3 residue in BPTI with its inhibitory activity against elastases without any structural knowledge are confirmed (26, 30) . Residues different than the native Pro 13 at P3 position in BPTI have been suggested to induce a more favorable primary loop conformation to strengthen HNE binding without affecting the PPE interaction 26). Our structure shows that the side chain of Arg 11 mediates interactions with a region of PPE that is characterized by sequential and structural differences compared with HNE, particularly involving loop structures containing Val 99A , Thr 175 , and Arg 217A (according to PPE topology). This result supports a potential role of the P3 interaction in the elastase selectivity of BPTI-Kunitz inhibitors. In this regard, mutagenesis studies involving the squash seed Cucurbita maxima trypsin inhibitor III (CMTI-III) have shown that inhibition of HNE, but not of PPE or other serine proteases, occurs even if a Gly residue is located at P1 position, likewise indicating an impact of interactions distant to the S1 site in interface stability and elastase selectivity (6) .
Moreover, we have identified a more significant impact of the secondary binding loop in the interaction with PPE compared FIGURE 6. Superposition of the P1 side chain conformation of rShPI-1/K13L (salmon) in complex with PPE (green) compared with that of the wild-type inhibitor in complexes with trypsin (blue, PDB code 3MTQ) and chymotrypsin (yellow, PDB code 3T62). The inhibitor binding loops are shown schematically with the P1 residues in sticks. The insertion of Arg 217A in PPE triggers structural differences that prevent a stabilizing interaction of the basic P1 residue with Ser 217 , as observed in the chymotrypsin complex (32) . Here, the side chain of Lys 13 adopts an up conformation, which is different from the down conformation in the trypsin complex (blue) and is stabilized by an H-bond with the oxygen atom of Ser 217 . However, the insertion of Arg 217A in PPE (green) moves Ser 217 away from P1, suggesting that a similar stabilizing bond with basic residues at P1 is not possible.
with previous reports of corresponding trypsin and chymotrypsin complexes (32) (33) (34) (35) , again supporting previous mutagenesis studies now on a structural level. Three basic residues in the segment 39 RAKR 42 of the BPTI secondary loop (equivalent to 37 GGNG 40 in ShPI-1) have been reported to affect the inhibition activity against HNE. Substitution of this sequence in a BPTI/K15V variant by the equivalent stretch from Bikunin domain 2 ( 39 MGNG 42 ) increases the inhibition of HNE, whereas its effect on PPE inhibition has not been investigated (30) . The increased amount of Gly residues within this region closely mimics the corresponding secondary loop sequence of ShPI-1, which is strongly involved in PPE interface stabilization via H-bonds according to the structural evidence provided here.
In this study we obtained a high-affinity PPE inhibitor from the BPTI-Kunitz family by site-directed mutagenesis at the P1 position. The detailed investigation of the enzyme-inhibitor interactions confirmed the expected canonical mechanism with a more important role of the inhibitor secondary binding loop compared with other S1 family serine proteases with known structures. Our data show that the P3 residue of rShPI-1/K13L points into a PPE region with significant structural difference compared with HNE, which has been described to be involved in the selectivity of WAP inhibitors toward HNE or PPE. Consequently, residues at the secondary binding loop and at the P3 site of ShPI-1 represent interesting targets for sitespecific mutagenesis to improve binding affinity and/or direct selectivity against elastase-like enzymes. Because ShPI-1 does not contain any residue that can be oxidized within the serine protease binding loops, it represents a suitable scaffold to be developed into a specific inhibitor that binds HNE with high affinity, which is urgently required.
